Objective: Biomaterials able to mimic the mechanical properties of vocal fold tissue may be particularly useful for furnishing a 3-dimensional microenvironment allowing for in vitro investigation of cell and molecular responses to vibration. Motivated by the dearth of biomaterials available for use in an in vitro model for vocal fold tissue, we investigated polyether polyurethane (PEU) matrices, which are porous, mechanically tunable biomaterials that are inexpensive and require only standard laboratory equipment for fabrication. Methods: Rheology, dynamic mechanical analysis, and scanning electron microscopy were performed on PEU matrices at 5%, 10%, and 20% w/v mass concentrations. Results: For 5%, 10%, and 20% w/v concentrations, shear storage moduli were 2 kPa, 3.4 kPa, and 6 kPa, respectively, with shear loss moduli being 0.2 kPa, 0.38 kPa, and 0.62 kPa, respectively. Storage moduli responded to applied frequency as a linear function. Mercury intrusion porosimetry revealed that all 3 mass concentrations of PEU have a similar overall percentage porosity but differ in pore architecture. Conclusion: Twenty-µm diameter pores are ideal for cell seeding, and a range of mechanical properties indicates that the higher mass concentration PEU formulations are best suited for mimicking the viscoelastic properties of vocal fold tissue for in vitro research.
Introduction
Matrix stiffness is a tissue engineering parameter that can be exploited to direct tissue development or cell differentiation or encourage regeneration. 1 Cells are physically engaged in bidirectional communication with their mechanoenvironment via transcellular adhesions and acto-myosin contractility. [2] [3] [4] As such, it is critical that the mechanical and morphological properties of biomaterials used to examine in vitro behavior be characterized and reported. Polyether polyurethanes (PEUs) are commercially available medicalgrade polyurethanes that have demonstrated promise as synthetic matrices for tissue engineering of elastic tissue for both in vitro and in vivo needs. [5] [6] [7] [8] The objective of this work is to characterize the morphological and mechanical properties of a commercially available PEU of varying porosities to determine the best match to vocal fold mechanical properties. This would allow for a 3-dimensional cellular environment that could be used for in vitro characterization of vocal fold cell therapeutics. Presently, such characterization and matching do not exist, limiting exploitation of this material for in vitro tissue engineering research specific to the human vocal fold. It should be highlighted that the ideal PEU would not be implanted or used in vivo for vocal fold tissue regeneration but, rather, would provide a 3-dimensional environment in which candidate therapeutics would be seeded and vibrated in a bioreactor to investigate the effects of stress, strain, and vibration. 9 Biomaterial mechanical properties, such as elasticity and yield strength, help determine candidacy for tissue mimics.
Naturally, substrates with a higher elastic modulus are typically used in bioreactors for tissues with a stiffer extracellular matrix (ECM), such as bone or cartilage, whereas substrates with a lower elastic modulus are used in more flexible tissues such as the vocal fold. The protein content of the ECM, especially collagen and elastin, as well as its glycosaminoglycan content dictate the ECM mechanical properties. 10, 11 Tissues with high elastin concentration have a lower elastic modulus, whereas tissues with high collagen content are stiffer. Extracellular matrix viscosity is heavily influenced by the degree of glycosaminoglycans present. To achieve the desired mechanical properties, synthetic substrates are typically formed using tunable polymers. The mechanical properties of vocal fold tissue have been characterized, as well as the ECM content. 12, 13 Synthetic polymer matrices for stiff tissues typically contain a carbon backbone of similar repeating side chains and have been well characterized in the literature. 14 For elastic tissues, such as the vocal fold, polyurethane block copolymers have been used. 15 In addition to polyurethanes, polyethylene glycol (PEG) microparticles have also been investigated as space filling hydrogels for soft tissue applications. 16 One formulation of the PEG microparticles was injected into canine vocal folds, with promising results. 17 However, the PEG microparticles are not a continuous scaffold and inherently lack the elastomeric properties of polyurethanes.
Polyurethanes have several unique properties due to the alternating segments comprising their copolymer backbone. All PEUs contain a soft segment and a hard segment, which alternate down the length of the polymer chain. Hard segments often crystallize, creating a rigid section, whereas the soft segments usually remain amorphous. This alternating phase separation imparts elastomeric properties to PEU typically high tensile and tear strength, and long elongation capability. Many types of PEU also have excellent biocompatibility profiles, 7, 18, 19 and as such, several are commercially available for medical grade applications. 20 The elastomeric properties inherent to PEU make them an ideal candidate for reproducing the natural viscoelastic state of the vocal fold lamina propria for in vitro study. In addition, the pliable copolymer backbone readily lends itself to the formation of an interconnected matrix for cell seeding.
In this study, parallel plate rheology, dynamic mechanical analysis (DMA), and mercury intrusion porosimetry were used to report the physical and mechanical properties of porous PEU matrices of various mass concentrations to optimize a material with properties similar to that of the human vocal fold ECM. Furthermore, the lowest and highest mass concentration limits allowing for adequate formulation necessary for the material to be structurally viable were determined. Finally, scanning electron microscopy (SEM) was used to examine whether the matrices would be porous enough to allow cell engraftment and chemical diffusion. Taken together, these data allow for the formulation of a preferred biomaterial for utilization in an in vitro bioreactor for the study of cellular therapeutic candidates for vocal fold tissue engineering.
Materials and Methods

Porous Scaffold Synthesis
Three different mass concentrations (5% w/v, 10% w/v, and 20% w/v) of Tecoflex SG-80A (Thermedics, Wickliffe, Ohio, USA) beads were desiccated using lyophilization for 24 hours, after which they were dissolved in DMAC (39.1 mL; Fisher Scientific, Pittsburgh, Pennsylvania, USA) for 24 hours. Temperature of the solution was increased to 60°C and added to 1 side of a 2:1 dual component adhesive cartridge (MixPAC, Germantown, Wisconsin, USA). Pluronic 10R5 (18.95 mL; Sigma-Aldrich, St Louis, Missouri, USA) was added to the other side of the adhesive cartridge. The adhesive cartridge was then allowed to remain heated for roughly 5 minutes. A helical static mixer was attached to the dispensing end of the cartridge and a handheld dual component dispensing gun (MixPAC, Germantown, Wisconsin, USA) was used to dispense the solution into custom Delrin molds (94 mm long × 80 mm wide × 3.175 mm deep). The helical mixer and dual component cartridge thoroughly mixed the dissolved polyurethane and the Pluronic 10R5 in a 2:1 vol/vol ratio. Polymercontaining molds were placed in a 70% ethanol/dry ice bath at −40°C for approximately 20 minutes. Molds were then placed in de-ionized water for 48 hours with 3 deionized water changes. Design of the molds was such that all sides of the polymer sheet were soaked equally. For DMA and SEM analysis, each PEU sheet was then cut into 25-mm long × 10-mm wide × 2-mm deep strips and dried by a 24-hour lyophilization. For rheological analysis, each PEU sheet was cut into a 30-mm radius × 2-mm deep disc and dried by a 24-hour lyophilization.
Polyurethane concentration limits were established by attempting to formulate the polymers ranging from 1 gram Tecoflex SG-80A beads/39 mL DMAC (2.5% w/v) to 12 grams Tecoflex SG-80A beads/39 mL DMAC (30% w/v). On 3 attempts, the material would not consistently form a porous structure at the 2.5% w/v concentration, so the lower limit was established at the 5% w/v concentration. On 3 attempts, the Pluronic 10R5 would not adequately mix with the Tecoflex/DMAC solution at concentrations higher than 20% w/v, so the upper limit was established at 20% w/v. Therefore, for this investigation, porous Tecoflex (PEU) strips were formulated at 3 different mass concentrations: 5% w/v, 10% w/v, and 20% w/v.
Scanning Electron Microscopy
Five percent w/v, 10% w/v, and 20% w/v PEU formulation samples were ion beam coated with platinum at a thickness of 2.5 nm. Strips were trimmed down to a 4 mm × 8 mm dimension and affixed to a copper planchet with the use of double-sided carbon adhesive tabs. Strips were imaged with a Hitachi S900 field emission scanning electron microscope at an accelerating voltage of 10 kV and visualized with SEM to characterize the substrate morphology.
Mercury Intrusion Porosimetry
Mercury intrusion porosimetry was used to evaluate 3 samples of each PEU concentration (Particle Technology Labs, Downers Grove, Illinois, USA). Briefly, the sample was placed into a penetrometer, which consists of a capillary stem with a glass bulb at the end. The penetrometer, containing the sample in the glass bulb, was filled with mercury at 0 psi. Pressure was then increased, causing the mercury to intrude into the pores within the sample. The volume of mercury that intruded into the sample was recorded at each increasing pressure point. Pore size can be calculated from the pressure needed to force that volume of mercury into a pore. Data for each condition (5% w/v, 10% w/v, and 20% w/v) was compared using analysis of variance (ANOVA) and Tukey's HSD for post-hoc analysis. Findings were considered significant at P < .05.
Dynamic Mechanical Testing
An RSA III Dynamic Mechanical Analyzer was used to obtain storage and loss moduli for all PEU samples. Briefly, each sample was placed within a rectangular tension clamp at room temperature and pressure. Individual sample dimensions were input to the system, and a frequency sweep analysis was performed to determine the linear elastic domain. Strain sweep analysis was then performed at 1 Hz, 10 Hz, and 35 Hz frequencies. Three samples were tested for each PEU concentration, and each sample was tested 3 times. A 2-way ANOVA was performed comparing the storage moduli of all 3 concentrations, as well as the response of all concentrations to frequency change. P values < .05 were considered significant.
Rheological Analysis
A Gemini stress-control rheometer (Malvern Instruments, Malvern, UK) was used for all rheologic testing of PEU samples. A total of 3 samples was evaluated at each PEU formulation. All samples were immersed in cell culture medium and stored at 4°C for 3 to 5 days. At the time of testing, each wetted sample was placed between a stainless steel stationary base and upper parallel plate. Complete sample contact and optimal sample adhesion were achieved by using 220-grit wet-dry sandpaper on the stainless steel components and by compressing each sample. Final sample compressions were 7% to 15% with the distance from base to upper plate ranging from 1.15 to 3.22 mm. As per standard rheology protocol, a 1-Hz amplitude sweep (20 stress values 1 to 100 Pa administered to each sample) was performed. Using the specific linear strain value (.0014-.0185) for a given sample, viscoelastic measurements were then made at 27 frequencies logarithmically spaced between 1 and 231 Hz. A 2-way ANOVA was performed comparing the shear storage moduli and shear loss moduli of all 3 concentrations, as well as the response of all concentrations to frequency change. P values < .05 were considered significant.
Results
Scanning Electron Microscopy
Scanning electron microscopy revealed that all 3 PEU concentrations are porous substrates, with ample room for cell attachment. Two basic pore sizes are present in each formulation: 2-to 20-μm micropores and larger, 40+ μm pores. The 5% w/v substrates appeared to be the most porous and have the highest void volume, whereas the 20% w/v substrates appeared the least porous (Figure 1 ). In addition, the size of the PEU fibers appeared to increase with increasing concentration. This is especially evident in the 20% w/v substrate image, where randomly oriented fibers can be observed.
Porosimetry
Porosimetry analysis performed on samples of the 5% w/v, 10% w/v, and 20% w/v concentrations provided details regarding the extent of the porous network of the scaffolds. The 5% w/v samples had an average intrusion volume of 2.74 mL/g, whereas the 10% w/v and 20% w/v samples had average volumes of 2.9 mL/g and 2.22 mL/g, respectively ( Figure 2 ). A significant difference was observed only between the 10% w/v and 20% w/v samples (P = .0254).
The 5% w/v samples had the smallest total pore area, with an average value of 0.903 m 2 /g. The 10% w/v and 20% w/v samples had a total pore area of 1.22 m 2 /g and 1.1 m 2 /g. Total pore area of the 5% w/v samples was smaller than either the 10% w/v sample (P = .0007) or the 20% w/v sample (P = .0091). No significant difference was observed between the 10% w/v and 20% w/v samples (P = .0554).
In addition to total pore area, pore median diameter was also measured for each sample. The 5% w/v, 10% w/v, and 20% w/v samples had 60.69 μm, 43.57 μm, and 36.25 μm diameter pores, respectively ( Figure 2) . A significant difference in pore diameter was observed between the 5% w/v and 10% w/v samples (P =.0368), as well as the 5% w/v and 10% w/v samples (P = .0076). Median pore diameter was not significantly different between the 10% w/v and 20% w/v samples.
Bulk and apparent densities were obtained for each sample and used to compute the porosity of the material. The average porosities for the 5% w/v, 10% w/v, and 20% w/v samples were 57.43%, 72.07%, and 68.27%, respectively ( Figure 2 ). Statistical analysis shows no significant difference between 5% w/v and 10% w/v PEU (P = .0916), 5% w/v and 20% w/v PEU (P = .2149), or 10% w/v and 20% w/v PEU (P = .7878).
Dynamic Mechanical Analysis
Dynamic mechanical analysis data indicated a linear relationship between PEU mass concentration and the storage modulus. A 5% w/v to 20% w/v increase in mass concentration correlated with a roughly 6-fold increase in storage modulus (E') values (Figure 3 ). E' values for the 5% w/v concentration ranged from 39.1 kPa to 241.4 kPa over a 35 Hz frequency range. Testing at frequencies higher than 35 Hz was attempted, but limitations due to the PEU dimensions and the Dynamic Mechanical Analyzer resulted in unusable data. Ten percent w/v and 20% w/v concentrations ranged from 107 to 352 kPa and 312 to 526.5 kPa, respectively, over the same frequency range. Variability between samples was small. Coefficients of variation for E' were 1% to 16% for the 5% w/v samples, 1.1% to 4.6% for the 10% w/v samples, and 1% to 2.6% for the 20% w/v samples. Statistical differences were found for storage moduli between 5% w/v and 10% w/v concentrations (P = .02), 5% w/v and 20% w/v concentrations (P < .0001), and 10% w/v and 20% w/v concentrations (P < .0001). In addition, all 3 concentrations responded to increased frequency in the same manner, as indicated by the slopes of the best fit line. No significant differences were found for the slopes of the 5% w/v and 10% w/v concentrations (P = .3531), the 5% 
Rheology
Rheology data indicated a linear relationship between the PEU concentration and the shear moduli. A 4-fold increase in PEU concentration, 5% w/v to 20% w/v, generated a 2.5fold increase in shear storage modulus (G') values ( Figure  4 ). The 5%, 10%, and 20% w/v samples generated G' values of 2 kPa, 3.4 kPa, and 5 kPa, respectively. A 3-fold increase in shear loss modulus (G") was observed between the 5% w/v and 20% w/v samples ( Figure 5 ). The 5%, 10%, and 20% w/v samples generated G" values of .2 kPa, .38 kPa, and .62 kPa, respectively. The loss tangent was unaffected. Variability between samples was small. Coefficients of variation for G' were 2% to 7% for the 5% w/v samples, 9% to 78% for the 10% w/v samples, and 41% to 76% for the 20% w/v samples. Coefficients of variation for G" were 4% to 23% for the 5% w/v samples, 4% to 24% for the 10% Figure 2 . Five percent w/v to 20% w/v increase in polyurethane mass concentration generated matrices with differing intrusion volumes (A), total pore area (B), pore diameter (C), and overall porosity (D). The 5% w/v sample had the smallest total pore area and largest median pore diameter, but the overall porosity did not differ between samples. w/v samples, and 17% to 37% for the 20% w/v samples. No significant differences were found between 5% and 10% w/v concentrations (P = .1496) and 10% and 20% w/v concentrations (P < .0838), but 5% and 20% w/v concentrations were statistically different (P = .0098). In addition, the elastic shear moduli of the 3 concentrations differed in their response to increased frequency, as indicated by the slopes of the best fit line. A significant difference was found in the slopes of the 5% w/v and 10% w/v concentrations (P = .0058) and 5% w/v and 20% w/v concentrations (P = .0021), whereas no difference was observed for the 10% w/v and 20% w/v concentrations (P = .3641). Analysis of variance demonstrated that the shear loss modulus was not different between 5% and 10% w/v concentrations (P = .2578), but there were significant differences measured between the 5% and 20% w/v concentrations (P < .0095) and 10% and 20% w/v concentrations (P = .0465). In addition, the shear loss moduli of all 3 concentrations differed in their response to increased frequency, as indicated by the slopes of the best fit line. A significant difference was observed in the slopes of the 5% and 10% w/v concentrations (P = .0042), the 5% and 20% w/v concentrations (P = .0001), and the 10% and 20% w/v concentrations (P = .0056).
Discussion
To create a PEU polymer foam for in vitro use, a variation of the hydrocarbon templating technique 6 was used in combination with polymer phase separation. In hydrocarbon templating, a water-soluble porogen is used to create a macroporous polymer foam. 21 Traditionally, this has been performed with hydrocarbon chains, giving the technique its name. For our purposes, the copolymer poly(propylene glycol)-block-poly(ethylene glycol)-block-poly(propylene glycol), also known as Pluronic 10R5, was used as the porogen. At temperatures ranging from 40°C to 50°C, this trublock polymer forms micelles, with the propylene glycol blocks at the center. At lower temperatures, the micelle collapses, and all blocks (poly[propylene glycol] and poly[ethylene glycol]) become water soluble. Scanning electron microscopy images show that the pores formed within the PEU varied in size. Porosimetry data confirmed this finding, with pores ranging from .3 μm to 218 μm in diameter. Smaller pores, up to 20 μm in diameter, were most likely formed when the polymer solution was quenched in the −40°C dry ice/ethanol bath. 22 Larger pores, typically greater than 20 μm in diameter, were irregularly shaped and most likely formed from the change in Pluronic 10R5 micelle organization due to a change in temperature. 23 Pores of this size allow for cell seeding with fibroblasts, the primary cell type responsible for vocal fold ECM architecture, as these are roughly 20 μm in diameter.
Mercury intrusion porosimetry data indicated no difference in overall percentage porosity between mass concentrations but did identify a difference in pore structure. Five percent w/v concentration had a significantly lower total pore area than either the 10% or 20% w/v samples. This finding, combined with the lack of difference in overall percentage porosity between mass concentrations, may indicate that 5% w/v samples have a porous network with low surface area to volume ratio. This conclusion is also supported by the difference observed in median pore diameter across concentrations. Median pore diameter was greatest in the 5% w/v concentration, with statistically significant higher measurements than both the 10% and 20% w/v concentrations. The porous network of the 5% w/v samples most likely consists of large diameter pores with either limited interconnectivity or shallow depth compared to the 10% or 20% w/v samples. The porous network of the 10% and 20% w/v samples is most likely very similar, as there was no significant difference between total pore area, median pore diameter, or percentage porosity across these concentrations. Pore diameter and morphology could be further regulated through the choice of polymer porogen.
As with most biomaterials used for tissue engineering investigation, cell attachment and cell interaction must be considered. Chemical groups present in the PEU polymer are not typically associated with cell attachment, and as such, attachment will have to be mediated through other means. Wettability studies indicate that materials made with Tecoflex have a contact angle of roughly 95.2°, 24 making them slightly hydrophobic. This hydrophobicity will readily lend itself to adsorbing proteins such as fibronectin, 25 which cells bind with great affinity. Adsorption of poly-L-lysine can also be used to facilitate nonspecific cell attachment, or as an intermediate step for the addition of synthetic ligands such as arginylglycylaspartic acid (RGD). 26 Similar methods can be used to add monosaccharides or polysaccharides to the polymer surface, facilitating nonspecific cell attachment in vitro. 27 Other methods, such as air plasma treatment or radio frequency glow discharge, have also been shown to facilitate cell attachment to polyurethane surfaces. 28, 29 Although it may be possible to chemically add cell attachment motifs into the backbone of the PEU, such an addition may alter the bulk mechanical properties of the material.
Dynamic mechanical analysis demonstrates a linear relationship between the concentration of PEU and the observed storage modulus for all tested frequencies. The storage modulus measures the stored energy in a viscoelastic material and is analogous to the elastic modulus of linearly elastic materials. Data indicate that the storage modulus can be calculated by the equation given in Table 1 . This equation can be used to tailor the PEU storage modulus to reflect the mechanical properties of various vocal fold disease states. 30 It should be noted that high frequency axial strain causes PEU to become less flexible. In addition, the frequency range tested using DMA (1-35 Hz) is suitable for axial stress in vocal fold bioreactors, as shear stress is more important in human vocal fold models. Rheology data are extremely useful when designing biomaterials to be used for vocal fold application. The biomaterial must have the correct rheological properties to accurately withstand and deform under the shear and mechanical forces seen in human vocal folds. Our data indicate that the G' has a wide range, from 2 kPa to 8 kPa, depending on the PEU concentration and frequency. This range of values is also reflected in the G", which ranges from 200 Pa to 1 kPa. The wide range of values is particularly relevant for vocal fold scar research, as scarred lamina propria is known to have significantly higher elastic shear modulus and viscosity measurements. 31 Human vocal fold lamina propria G' can range from roughly 10 Pa to 1 kPa, and G" values typically range from 10 to 150 Pa. 32, 33 One significant drawback of using a porogen is that the porosity and mechanical properties cannot be independently altered. Dynamic mechanical analysis and rheology results indicate that as the porosity increases, the structural integrity decreases. This trend has also been noted for similar polymer foams 34 and occurs due to the decreased structural stability associated with an increase in porosity. Another limitation of our results pertains to the thickness of the PEU strips and discs. Using the described fabrication protocol, 2 mm thickness was the smallest dimension that could be reproducibly made. Thinner substrates may have allowed for a higher upper frequency for DMA and rheology measurements. Finally, 1 of the 20% w/v samples used for the rheological analysis produced shear storage and shear loss moduli data below that observed for similar 20% w/v samples. This 1 sample most likely skewed the 20% w/v rheology data set, leading to the lack of significant difference observed between the slopes of the shear storage modulus between the 10% and 20% w/v samples. The lower values observed with this sample could be due to increased batch variability with the 20% w/v samples. As the 20% w/v concentration is the upper limit of PEU attainable with this experimental setup, the matrix structure may be less predictable than the other samples. The pore architecture, including percentage porosity and pore diameter, may vary considerably between samples. This would have implications not only for mechanical properties but also for cell seeding applications.
Conclusion
We have developed a simple, low cost method for controlling the mechanical properties and porosity of polyether polyurethane foams for use in vocal fold tissue regeneration. Scanning electron microscopy reveals that the polyurethane foams have both micropores, for diffusion of nutrients, and macropores, for cell seeding. We have also outlined the relationship between PEU concentration and storage modulus, shear storage modulus, and shear loss modulus. Finally, DMA and rheology data both indicate that the chemical preparation of samples is highly reproducible. Using these reference data and fabrication parameters, future researchers will be able to tailor these properties to make elastic scaffolds for in vitro vocal fold tissue engineering research. Furthermore, the range of mechanical properties displayed by the PEU may be conducive for modeling various vocal fold diseases, such as scarred tissue or different states of mucosal hydration.
